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In insects, the fat body is the chief site of Synthesis of the disaccharide treha-

lose, which is generally the predominant circulating sugar (review: Wyatt, 1967).
There is evidence for homeostatic regulation of haemolymph 'trehalose levels

(Saito, 1963; Friedman, 1967; Wyatt, 1967; Nettles, Parro, Sharbaugh and

Mangum, 1971) and, to account for this, feedback mechanisms have been proposed.
While inhibition and activation of enzymes concerned with trehalose synthesis
have been demonstrated in vitro (Murphy and Wyatt, 1965; Friedman, 1968),
the mechanisms responsible for regulation in vivo are unclear. One hitherto un-

answered question is how an insect can maintain its haemolymph sugar at distinctly

different levels in its different developmental stages, as, for example, the cecropia
silkmoth has been shown to do (Wyatt, 1967).

The dynamic relations between intracellular and extracellular trehalose are

clearly important for the regulation of trehalose synthesis, yet very little is known
about these. Mochnacka and Petryszyn (1959) found trehalose to be higher in

haemolymph than in "bled tissues" of pupae of the sphingid Celerio euphorbiae,
and larval and adult tissues of this species apparently contained no trehalose. Fat

body of cecropia silkmoth larvae (Wyatt, 1967, page 297) and wax moth larvae

(Lenartowicz, Zaluska and Niemierko, 1967), after rinsing in saline solutions,

was found to contain trehalose at levels much lower than those in the haemolymph
of the respective insects. These reports suggest that movement of trehalose from
fat body to haemolymph might require active transport, albeit active transport of

sugars has never been demonstrated in an insect. In fact, the absorption of sugars
from the insect gut, in contrast to analogous processes in vertebrates, depends upon
simple diffusion (Wyatt, 1967).

Fat body of larval blowflies (Phormia reyina), on the other hand, contained

trehalose even though none could be found in the haemolymph of the same stage

(Wimer, 1969).
In view of these problems, we have examined the relations between fat body

and haemolymph sugar in several insect species. We find that fat body analyzed
without prior rinsing may contain sugar at levels lower than, equal to, or higher
than those in the haemolymph, but during rinsing in isosmotic media much of the

tissue sugar is rapidly released. During ontogeny of the cecropia silkmoth, the

quantitative relationships between haemolymph and fat body trehalose change

markedly. Correlated with these changes are alterations in fat body function with
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respect to release of endogenous and penetration of exogenous trehalose, which

we interpret as reflecting changes in the cell membrane having regulatory signifi-

cance.

MATERIALSANDMETHODS
Animals and media

Most of the experiments were conducted with cecropia silkmoths (Hyalophora

cccropia), reared from genetically mixed stock either outdoors on wild cherry

foliage or in the laboratory at 25 C on an artifical diet ( Riddiford, 1968) under

16 hours light per day. After spinning their cocoons, outdoor reared animals

were held at 25 C for 2 I- months and then (a) chilled at 6 C to activate the

neuroendocrine system for development, or (1>) debrained to establish permanent

diapause (Williams, 1946) and then kept at 15 C, or (c) left at 25 C. at which

temperature diapause persisted in most individuals for several months. In many
instances, pupal respiration was measured, and the criterion for diapause was an O^.

consumption of less than 20 /xl per gram live weight per hour (Schneiderman and

Williams, 1953). Pharate adults ("developing adults") were obtained by incubat-

ing previously chilled pupae at 25 C, and stages were recognized as described by
Schneiderman and Williams (1954). Insects of other species, used in a few

experiments, were obtained as described in the footnotes to Table I.

Injections were made through the thoracic tergum of pupae in volumes not

more than 50 p\, and between the first pair of dorsal tubercles of larvae in not

more than 100 /xl. Experimental injury consisted of making 20 punctures with a

25 gauge needle in the thoracic tergum. which were then sealed with melted

paraffin wax. Haemolymph \vas collected at the time of injury by puncturing a

wing sac with the tip of a scalpel and then sealing the hole. When haemolymph
was collected for use in media, a few crystals of phenylthiourea were added to pre-
vent darkening due to the action of tyrosinase.

The media used for rinsing and incubation of tissue from all insects except
Blaberus discoidalis were: (i) that of Reddy and Wyatt (1967) (RW medium)
containing NaCl 20 HIM, KC1 80 HIM, CaCU 4 HIM, MgQ2 15 HIM, phosphate
8 mM, and 20 amino acids (total 91 HIM), the sugars in the published medium

being omitted, with pH 6.5 and osmotic pressure approximately 450 milliosmolar
;

(ii) modified RWmedium in which the concentrations of NaCl and KC1 were

reduced to 4 and 50 HIM, respectively (total 360 milliosmolar) ; and (iii) high

K+-Mg++ lepidopteran saline, modified after Weevers (1966) and Pan, Bell

and Telfer (1969), which contained XaCl 4 HIM, KG 140 HIM, CaCU 4 HIM and

MgCl2 15 HIM (total 350 milliosmolar). In initial experiments RWmedium was

used, while later the modified RWmedium was substituted, and no differences

were observed in the results. For B. discoidalis, a medium was used consisting

of NaCl 130 mM. KC1 10.3 HIM, CaCl L. 4.5 HIM, MgClo 8 HIM. and phosphate
buffer 5 mM, together with the amino acid mixture of RWmedium (pH 6.5, 425

milliosmolar; cf. Van Asperen and Van Esch, 1956).

The sutjar content of haemolymph and fat body, and cfflit.v from fat body in vitro

Haemolymph and fat body were taken from individual insects for analysis.

The fat body was dissected out. blotted by drawing it repeatedly across Glassine
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weighing paper (Eli Lilly and Company, Indianapolis, Indiana), and portions of

50-500 mg were homogenized for analysis immediately, or after immediate freezing,

or after incubation at 25 in not less than 1.8 ml of medium. For analysis, blotted

tissue samples wr ere weighed to the nearest milligram on a torsion balance and

ground in glass homogenizers in three volumes of 6.7% trichloracetic acid. Homo-

genates were transferred to 0.5 ml capped polyethylene tubes, and centrifuged at

8000 X g in a Microfuge (Model 152; Beckman Instruments, Palo Alto, Cali-

fornia). Ten-microliter samples of the clear supernatant were transferred into

0.29 ml of 95% ethanol to precipitate the glycogen, and recentrifuged. Samples

(150 microliters) for determination of trehalose were then taken and evaporated
to dryness below 60 C in a vacuum oven, and 1.20 ml of fresh anthrone reagent

(Mokrasch, 1954), with increased water to allow for the use of dry samples, was

added to each. The tubes were heated in a boiling water bath for 5 minutes, then

cooled in ice and absorbance was determined at 620 nm with a Zeiss spectropho-

tometer. Haemolymph trehalose was measured by treating 1-10 microliters of

whole haemolymph (which contains negligible ethanol-precipitable carbohydrate)
with anthrone reagent as just described. Glucose standards were run simul-

taneously.

The sugar measured by the anthrone reaction is designated as trehalose.

In haemolymph of the cecropia silkmoth, trehalose has been identified by specific

methods and only minute amounts of other sugars are present (Wyatt and Kalf,

1957; Wyatt, 1967). We tested an extract of fat body from diapausing cecropia

pupae for reactivity with glucose oxidase with and without prior treatment with

trehalase (prepared from Tenebrio molitor larvae) and found abundant trehalose

but no detectable free glucose. The assumption that trehalose is the significant

sugar in our experiments with H. cecropia therefore seems justified. In the other

insect species, we have not established what proportion of the anthrone-reactive

sugar is trehalose. In the results that follow, data obtained by the anthrone re-

action are expressed in the Figures and Tables as glucose equivalents, while in the

text, sugar is assumed to be trehalose and is expressed on a molar or molal basis

as such (== glucose equivalents X 0.5).

The amount of adhering haemolymph in a number of fat body tissue samples
from cecropia pupae was determined by marking the haemolymph with 14

C-inulin,

injected 3 hours before the animals were dissected, as described by Cherbas and

Cherbas (1970). The content of haemolymph in blotted fat body was found

to be 20-40%, the majority of samples having 30-35%. In most experiments,

haemolymph contamination was not measured, but was assumed to be 30% ; thus,

cellular volume was estimated as blotted tissue weight X 0.7, the specific gravity

being taken as 1.0. Underestimating haemolymph contamination in the tissue

samples would minimize the true differences between trehalose concentrations in

the cells and in the haemolymph.
Concentrations of sugar in haemolymph can be expressed in molarity, based on

volume, but to permit osmotic comparison with the intracellular fluid it was

desirable to express them also in molality. For this purpose, 100 ml of haemolymph
was assumed to contain 85 g of water, a mean value appropriate for cecropia pupal

haemolymph, though for larval blood the true water content is probably some-

what higher (Wyatt and Kalf, 1957). The water content of fat body cells was
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estimated by weighing portions of the tissue before and after exhaustive drying,
correction being made for extracellular fluid with the aid of radioactive inulin.

Based on several measurements on tissue from fully-grown feeding larvae and

from diapausing pupae of cecropia, the following percentages of cellular fresh

weight were assumed for intracellular water : larval fat body, 50% ; pupal fat body,

70%. With other insect species, the value of 50% was used for fat body from

the larval or adult stages, and 70% for pupal tissue.

Treatment of data

For a given treatment, the concentration of trehalose in the fat body was fre-

quently found to bear a constant relationship to that in the haemolymph, while the

absolute levels varied considerably among individuals of a group. Consequently,
the data were normalized by multiplying all individual values for fat body trehalose

by the ratio : group mean concentration in haemolymph/individual concentration in

haemolymph. This method is comparable to expressing individual concentrations

as percentages of haemolymph trehalose, but also permits comparison of the levels

of sugar in different batches of animals at the same or different stages of develop-
ment.

The sexes of the animals used were noted, but no differences related to sex

were observed in haemolymph trehalose, fat body trehalose, or the effect of any
treatment.

Uptake of ^C-solutes

Uptake of l-
14

C-glucose, U- 14
C-glycerol and 6- 14 C-trehalose into fat body in

vitro was measured with the aid of 3 H-inulin as a marker for extracellular fluid.

Ten microliters of a stock solution containing 2 X 10 4
counts/mm per microliter

each of 14
C-solute and 3/L-inulin were added to 1.00 ml of RWmedium in a 10 ml

beaker. A 10 //I sample of this mixture was taken for determination of the initial
14

C/
3H ratio. Fat body (0.2-1.0 g, pooled from 2-5 animals) was added, con-

tinuous shaking was commenced, and 5 /xl samples of the medium were taken

approximately each minute for 10 minutes. Difficulty was experienced from

clogging of the micropipets by fragments of tissue, and toward the end of this work
a vessel was constructed containing a suspended well bottomed with 100-ju.m

nylon mesh which provided a pool of tissue-free medium. This allowed more

frequent and accurate sampling. The samples were mixed with 0.1-0.2 ml of NCS
(Amersham-Searle, Des Plaines, Illinois) to which 5 or 10 ml of toluene phosphor
scintillation fluid was then added. Radioactivity was counted in a Packard

scintillation counter.

Because of the difficulty in obtaining precisely measured samples of medium,
calculations were based on isotope ratios, which are independent of sample size.

The initial ratio of 14
C-solute/

3 H-inulin (R ) represented no penetration of

solute, while a calculated theoretical final ratio (R*) represented equal distribu-

tion of 14 C-solute in fat body intracellular water and the incubation medium (see

Equation 1). From the observed ratio at any time (R t ), the percentage penetra-
tion could be calculated (Equation 2). The 14

C/
3H ratio generally became

essentially constant within 10 minutes of incubation, and in the case of diapausing
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pupal fat body did not change appreciably during an additional 50 minutes of

incubation.

m + hs RA IN-O-ao -\ 1 \ jm + hs + (1 h)ds

Inserting values of 0.3 for h and 0.5 or 0.7, respectively, for d,

m + 0.3s

m + 0.65 (or 0.79)s
X R"

D _ 13

Percentage of penetration of solute =
-, p X 100 (2)
KO - - K^

Where m = volume of incubation mediun (1.0 ml), s = volume of tissue sample,

assuming 1 g = 1 ml, h - - fraction of haemolymph in tissue sample (generally
assumed to be 0.3), d : : fraction of water in fat body cells (assumed to be 0.5 for

larval tissue or 0.7 for pupal tissue), R =: initial ratio of 14 C/ 3H in the medium,
R^ = theoretical final ratio of 14C/ 3H, assuming complete penetration of cell

water by
14 C-solute and no penetration by

3 H-inulin, and Rt
i= observed ratio of

14 C/ 3 H after incubation.

RESULTS

The sugar content of fat body and haemolymph of insects at different stages of

development

The levels of anthrone-reactive sugar, which in cecropia silkmoths will be re-

garded as trehalose (see Materials and Methods) were measured in unrinsed fat

body (corrected for measured or estimated adhering haemolymph) from several

developmental stages of four insect species belonging to three orders (Table I).

The relationships between sugar in haemolymph and in fat body were fairly con-

stant among individuals of the same species and stage of development, but showed

substantial variation in different species and stages. Thus, fat body sugar was

significantly higher than haemolymph sugar in adults of Blaberus, about equal to

haemolymph sugar in Phyllophaga larvae, and lower than haemolymph sugar in

Mandue a larvae and pupae. In Hyalophora cercopia, as previously observed (Bade
and Wyatt, 1962; Wyatt, 1967), the level of trehalose in the haemolymph changed

markedly in different developmental stages, being 40-50 mM in the fully-grown

larva, falling to 8-15 mMin the diapausing pupa, and rising again to 30-40 mM
in the pharate adult. Intracellullar sugar underwent less extreme change, and

was found in the fat body of larvae and early pharate adults at nearly their re-

spective haemolymph levels and in that of pupae at more than twice their haemo-

lymph level. Comparable changes between developmental stages were not ob-

served in Manduca se.vta.

When fat body from the cockroach B. discoidalis or larvae, pupae or pharate
adults of the cecropia silkmoth was incubated briefly in culture media (see Materials

and Methods), a significant proportion of its sugar content escaped (Tables I, II)

Since this phenomenon appeared to represent a potential source of serious mis-

conception arising from analysis of rinsed tissues, and further might have phy-

siological importance, we decided to investigate it further.
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Release of trehalose from cecropia fat body in vitro

Pupae in diapause. A series of experiments was carried out with fat body from

cecropia pupae in diapause, in which the initial sugar level was generally about

double that in the haemolymph (Tables I, II). During incubation in RWmedium,

up to 60% of the intracellular trehalose was lost, most of it during the first 2

minutes (Fig. 1; Table II, columns A and B). This release of sugar from the

tissue was not a consequence of cell lysis, for a maximum of 4% lysis occurred,

based upon the release into the medium of glycogen (measured with anthrone after

precipitation with ethanol) or upon the previously established retention of capacity

for protein synthesis by fat body in a similar medium (Stevenson and Wyatt, 1962).
In this and subsequent experiments (see Fig. 2), the rapid initial loss of a certain
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FIGURE 1. Release of trehalose from fat body of diapausing cecropia pupae during 30

minutes incubation in RWmedium. Fat body from 4-month-old diapausing pupae (Batch I

of Table II) was divided into 4 or 5 portions of 0.1-0.3 g from each pupa, which were

separately incubated in 5 ml of RWmedium for different times and then taken for analysis; O,
unrinsed fat body; , rinsed in RWmedium; A, level in hemolymph. Vertical limits are

standard errors of the means, and numbers are the numbers of animals used.

fraction of the fat body sugar was followed by little or no further loss during
incubation for times up to 30 minutes. The virtual cessation of release could not

be due to attainment of diffusion equilibrium, for the volume of medium used

was always sufficient to maintain a substantial concentration gradient of sugar
toward the exterior (final ratio = -18:1 in the experiment of Fig. 1). These ob-

servations are most readily interpreted in terms of intracellular compartmentation :

fat body trehalose appears to be divided between rapidly exchangeable and slowly

exchangeable compartments.
Since release of trehalose occurred rapidly upon transfer of tissue from its

natural milieu of haemolymph to a medium which, while formulated to resemble
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haemolymph, lacked protein, we suspected a role of protein in preventing sugar
release. We therefore tested the effect of adding cecropia pupal haeolymph pro-
tein to RWmedium. In the experiment shown in Figure 2, the effects of two

levels of protein were tested by incubating tissue for 5 minutes in medium contain-

ing 10% protein, which was then diluted with additional medium to 5% and in-

cubation was continued. In the presence of either level of protein, 85-95% of

the trehalose in the fat body was retained, compared to only 40% in the protein-

free medium. Similar results are shown in Table II (groups C and D).
To determine whether a non-specific protein would also be effective in pre-
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'FIGURE 2. The ability of cecropia haemolymph protein to prevent the release of sugar
from pupal fat body in RWmedium. Experimental details were as in Figure 1, except that

one set of fat body samples was placed in RWmedium containing 10% pupal haemolymph
protein; after 5 minutes, by addition of more medium, the protein was diluted to 5%. The

protein was obtained by dialysis of haemolymph from diapausing pupae against 0.01 M
phosphate buffer (pH 6.5), followed by lyophilization ;

unrinsed ; RWmedium without

protein ; O, medium containing protein; A, the level in hemolymph.

venting the release of trehalose from pupal fat body, we tested bovine serum

albumin (BSA; Fraction V Powder, Sigma Chemical Corp., St. Louis, Missouri)

at several concentrations. The results (Tables II, III) show that, at concentra-

tions above 1%, BSA was as effective as cecropia haemolymph protein. Further

evidence for non-specificity of the effect was obtained in experiments with poly-

vinylpyrrolidone (PVP), a synthetic polymer of approximate M.W. 25,000.

PVP was about as effective as BSA, causing (in the experiment of Table II,

Column D) the retention of 84% of the initial trehalose, compared with 89% in

the presence of BSA. Since it was of further interest to know whether a simple
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salt solution containing protein would suffice to maintain trehalose in pupal fat body,
a high K+

-Mg + saline containing 2% BSA was also included in this experiment.
In this medium, however, trehalose was released to the same extent as in RW
medium without protein. The predominant difference hetween RWmedium and

the saline was the presence of almost 100 HIM amino acids in the former, and we
infer that the presence of these, together with a macromolecule, is in some way
necessary for maintenance of the sugar content of pupal fat body cells. RW
medium also contains 8 HIM phosphate, which is lacking from the saline, but addi-

tion of phosphate to the saline plus BSA did enhance retention of trehalose.

Larvae. In contrast to the situation in pupae, the concentration of trehalose

in unrinsed fat body of fifth instar cecropia larvae was somewhat less than

that in haemolymph of the same stage (Table I). Further, when larval fat body
was incubated for 10 minutes in RWmedium either with or without 2% BSA,
50-60% of intracellular trehalose was lost (Table I). Evidently, larval fat

body cells were capable of only partial retention of their sugar even in media

TABLE III

Effect of bovine serum albumin (BSA) in preventing release of trehalose from cecropia pupal fat body

during incubation in RWmedium. Fat body from diapausing pupae (Batch II of Table II)
was divided into 3-5 portions per pupa, which were analysed for sugar immediately or

after incubation individually for 10 minutes in 5 ml of RWmedium containing

0-5% BSA. Sugar concentrations are expressed in molalities as glucose

equivalents (mean + S.E.M.)
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FIGURE 3. Effects of temperature on trehalose release from larval and pupal fat body.

Pre-chilled fat body pooled either from (A) diapausing pupae (batch III of Table II) or

from (B) feeding fifth instar larvae was divided into three 0.6 g portions, which were incu-

bated in 4 ml of RWmedium at 1, 25 and 37 C, respectively. Samples (5 /A) of the

incubation media were taken for analysis approximately every minute for 10 minutes. Arrows

represent the amount of trehalose contributed by haemolymph adhering to the tissue, estimated

from the average concentration of trehalose in the haemolymph of the animals and assuming

30% of haemolymph in the blotted tissue samples. Numbers are the temperatures of incubation.

data do not permit calculation of initial rates, it does appear that rates of trehalose

efflux were less affected by changes in temperature than would be predicted if

they were dependent on an enzyme-catalyzed, energy-dependent process. Our
results are consistent with transport by passive diffusion. Larval fat body also

released sugar at 25 and 37, with release at 37 being augmented by net synthesis,

as was shown when incubation was prolonged (data not shown). Unexpectedly,
when larval tissue was incubated at 1, the trehalose that appeared in the medium
could be fully accounted for by adhering haemolymph. Thus, lowered temperature

appeared to prevent sugar efflux from larval, but not from pupal fat body.
In a second series of experiments, the retained trehalose was measured after

incubation at five different temperatures for one hour, a period chosen to ensure

completion of the initial rapid phase of release (Table IV). Pupal fat body re-
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tained an average of 52% of its sugar content, with no significant influence of

temperature. Larval tissue, on the other hand, retained only 20% of its sugar at

37 and nearly 80% at 1, with values for trehalose retained at intermediate

temperatures falling between these extremes. The ratios of the quantities of

trehalose retained in larval fat body to the quantities retained in pupal fat body
decreased with increasing temperature of incubation. The differential effects of

incubation temperature on larval and pupal fat body were thus confirmed, the

retention of sugar by larval tissue at 1 being particularly notable.

Pharatc adults and "transitional" pupae. In early pharate adults at the second

or third day of post-pupal development, haemolymph trehalose had risen to 30 mM,
well above the level characteristic of pupae (Table I). The level in unrinsed fat

body was approximately equal to that in the haemolymph. Also, about half of

the intracellular sugar escaped during 10 minutes in RWmedium, whether or not

TABLE IV

Release of trehalose from larval and pupal cecropia silk moth fat body incubated in R)l' medium t/1

different temperatures. Larvae reared on foliage and 3 month old unchilled laboratory reared

diapausing pupae were acclimated at 27 C. Fat body (0.2-0.4 g) was incubated in 2.0 ml of

RWmedium for one hour, blotted thoroughly, and inlracellular sugar was determined (see

Materials and Methods). Results are given in molalities as glucose equivalents, means

S.E.M., with numbers of determinations in parentheses. Initial concentrations of

trehalose in fat body can be calculated by dividing the concentrations remaining by the

decimal fractions remaining. Initial concentrations varied somewhat because the

different groups of animals were taken on different days. Haemolymph levels

were about 40 m\l ghicose equivalents for pupae and 100 m.w for larvae.
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velopment (Williams, 1946) ; this even included some debrained pupae (Table II,

groups E and F). Although their rates of respiration were below 20 /xl/g-hr, all

these pupae had haemolymph trehalose at levels well above those characteristic

of typical early diapause, and nearly equal to their fat body trehalose. Their

fat body also showed diminished capacity to retain intracellular sugar when placed
in RWmedium plus protein. Thus, in these pupae also, elevated haemolymph
sugar was associated with enhanced tendency of the fat body cells to release

trehalose.

The transition in the properties of fat body during storage of pupae is also

illustrated in experiments on restoration of intracellular sugar after depletion in

protein-free medium (Fig. 4). Fat body from pupae stored for 3 months at 25
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FIGURE 4. The effect of protein in restoring trehalose retentiveness in pupal fat body.

Experimental procedure was as in Tables I and II, except that after the tissue was incubated

Tor 10 minutes in protein-free RWmedium (arrow), BSA was added to a concentration of

2% and incubation was continued for 30 minutes more; , diapause pupae stored 3 months

(cf. column D of Table II) ; O, transitional pupae stored 4.5 months (cf. column E of Table

II). Vertical limits are standard errors of the means, and numbers are numbers of animals

used.

was incubated for 10 minutes in RWmedium to allow release of trehalose, where-

upon 2% BSA was added. Sugar retentiveness was reestablished and (as a

consequence of endogenous trehalose synthesis) its concentration was nearly
restored. In a second comparable experiment using pupae that had been stored

longer, restoration of intracellular trehalose did not occur, presumably because

the cells remained non-retentive upon addition of BSA.

Injured pupae. Another physiological condition of interest is that caused by

injury to the integument, a stimulus which, in diapausing pupae, is associated with

activation of phosphorylase and breakdown of glycogen in the fat body (Steven-
son and Wyatt, 1964), and results in temporarily elevated levels of haemolymph
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trehalose (Wyatt, 1961, 1963). In an experiment on this phenomenon, six days
after injury, trehalose in both fat body and haemolymph were well above their

pre-injury levels (Table II, group H). In addition, tissue placed in medium con-

taining protein retained only 52% of its sugar, which was no more than in

medium without protein, and less than that retained by tissue from uninjured

diapausing pupae. Hence, the retentiveness of the fat body appeared to be de-

creased following injury to pupae.

Uptake of trehalose and other solutes into fat body

The experiments on release of trehalose by fat body in vitro indicated signif-

icant changes during ontogeny of the cecropia silkmoth, which suggested that

changes in solute uptake might also be found. Penetration into fat body can be

measured readily by observing the disappearance of a radioactive solute from

5 10

Incubation time (mm.)

FIGURE 5. Representative curves showing solute penetration into fat body of cecropia
silkmoth larvae and pupae. Fat body was incubated with 14 C-solutes together with 3 H-inulin.
and percentage penetration into intracellular water was calculated as described in Materials and
Methods. (A) Fat body from debrained diapausing pupae. (B) Fat body from fifth stage
larvae. Tissue for glycerol and glucose uptake came from larvae 1 and 3 days after spinning;
tissue for trehalose uptake was from fully-grown feeding larvae; , trehalose; Q, glucose; O,
glycerol.
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the medium in the presence of a second non-penetrating solute (such as inulin)

with a different radioactive label, to serve as a marker for extracellular fluid. If

the solute being studied is neither bound nor metabolized appreciably during the

course of the experiment, then a measure of its distribution in the intracellular

space is obtained.

Penetrability of cecropia fat body. Most experiments were conducted with
14

C-trehalose,
14

C-glucose or 14
C-glycerol, together with 3

H-inulin, as described in

Materials and Methods. Typical patterns of uptake into larval and pupal fat

body during 10 minutes of incubation are shown in Figure 5. Initial uptake was

rapid, but the curves flattened off within 10 minutes at levels well below complete
distribution in cell water. This supports the trehalose release data in indicating the

300

Incubation time <min.)

FIGURE 6. Uptake of 14 C-glucose in vitro into fat body from feeding fifth instar cecropia

larvae in the presence or absence of unlabelled glucose or dinitrophenol. Uptake was measured

in experiments similar to those of Figure 5. O,
ld

C-glucose, undiluted
; , "C-glucose plus

50 HIM unlabelled glucose. The two foregoing sets of points were obtained with the improved
incubation vessel described in Materials and Methods. A, 14 C-glucose plus 1.6 mM 2,4-

dinitrophenol, preceded by 3 hours of 6 X 10 5 M dinitrophenol in vivo (cf. Table VI).

existence of more than one compartment within the tissue. The extent of dis-

tribution of trehalose in larval tissue and of all three solutes in pupal tissue did

not increase significantly when incubation was extended to one hour ;
with larval

tissue, glucose and glycerol were metabolized during prolonged incubation. That

the trehalose which penetrated intracellular water of larval fat body was not bound

was shown by rinsing the tissue in K>-Mg
++

Ringer after incubation with 14 C-

trehalose and measuring the radioactivity remaining. After two brief rinses, less

than 4% of the trehalose that had penetrated the cells was retained.

Evidence on the mechanism of sugar uptake was sought by testing whether the

rate of penetration of 14
C-glucose was affected by dilution with unlabelled glucose.

Glucose, rather than trehalose, was used in this experiment because of its very low
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TABLE V

Penetration of trehalose into cecropia fat body in different media. Penetration of
u C-trehalosc

was measured in experiments similar to those described in Figure 5. Feeding, fifth

instar larvae and pupae chilled 5 months were used

Experiment
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tribution of the drug, and its effectiveness was observed from the flaccidity of the

animals. Fat body was collected and penetration of labelled solutes wr as measured.

The initial rate of glucose uptake into larval fat body treated with dinitrophenol
was no different from that in its absence (Fig. 6). In this experiment, the con-

tinuing uptake of
14

C-glucose after five minutes of incubation may be explained by
reduction in trehalose synthesis and stimulation of glycolysis as consequences of

uncoupling. From the data in Table VI, it is evident that after dinitrophenol
treatment larval fat body took up trehalose freely and pupal fat body did not,

just as in its absence (cf. Table VII). The penetrations of glucose and glycerol
also did not differ significantly from those in untreated larval and pupal tissue,

respectively (cf. Fig. 7). Thus, neither uptake nor exclusion of sugars or glycerol
is dependent upon an unimpaired supply of ATP.

The rapid penetration of trehalose into larval fat body is in marked contrast

with the general exclusion of disaccharides by cells of vertebrates. To test whether

another disaccharide might also penetrate insect fat body, we used 14 C-sucrose.

With larval tissue, sucrose distributed in 10 minutes into an apparent 124% of

the intracellular water, showing that it penetrated rapidly and was metabolized

TABLE VII

Penetration of disaccharides into fat body. Penetration of
u C-trehalose and u C-sncrosc was measured

in experiments similar to those described in Figure 5. Feeding fifth

instar larvae and debrained diapaitsing pupae were used

Penetration into fat body
Source of tissue
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could not be examined because tlie fal body becomes extremely fragile and cannot

be handled.

To get an estimate of how quickly the fat body changes at the termination of

diapause, development was initiated in brainless pupae by injection of /?-ecdysone.

Penetration of trehalose into fat body was still low after 18 hours, but by 42

hours after administration of the hormone it had risen to 53</c, a value close to

that found for day 2 pharate adults (Table VIII). As in natural development,

uptake of glucose and glycerol remained unaltered during the response to ecdysone.

Haemolymph trehalose levels, measured at different stages of development, are

also shown in Figure 7, and are consistent with developmental changes reported

previously (Bade and Wyatt, 1962; Wyatt, 1967). The correlation of haemolymph
trehalose level with penetrability of fat body by trehalose is notable. This sug-

100 -

L S E 4 8 14 63

Stages and Days of Development

D

FIGURE 7. Developmental changes in the penetration of solutes into cecropia fat body
and in the level of trehalose in the haemolymph; A, penetration of glycerol; O, penetration
of glucose; , penetration of trehalose; each point is obtained from an experiment similar to

those shown in Figure 5; D, level of trehalose in haemolymph (HIM, in glucose equivalents)
estimated with anthrone in haemolymph pooled from animals at each stage : L, feeding fifth

instar larvae
; S, day of spinning ; E, day of larval-pupal ecdysis ; D, diapause. The stage fol-

lowing D is the early pharate adult.
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TABLE VIII

Penetration of glycerol, glucose and trehalose into fat body of cecropia pupae after ecdysone injection

or injury. Debrained diapaiising pupae were selected for respiration less than 20 nl of 0% per

gram-hour. (3-Ecdysone was injected at 2.5 ng/g pupa weight. Experimental injury wax

performed as described in Materials and Methods. Penetration of
u C-solutes was

measured in experiments similar to those in Figure 5, each using tissue from
3-5 animals. Sugar levels were estimated with anthrone on pooled haemo-

lymph samples, and are expressed as glucose equivalents
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analyzed without prior rinsing, and they show that even quick rinsing of this

tissue in osmotically equivalent salt solutions can lead to loss of 40-60% of the

intracellular sugar. Previous data on the sugar content of rinsed fat body (see

Introduction) are therefore subject to question. We do not know to what extent

a similar caveat applies to other metabolites, but it is unlikely that charged
molecules would pass through the cell membrane as readily as sugars.

The present analyses on unrinsed tissue, corrected for adhering haemolymph,
indicate sugar (chiefly trehalose) in fat body water at levels that range from

somewhat less than to more than double those in the surrounding haemolymph.
Sugar levels in fat body below those in haemolymph raise a question concerning
how the cells can supply sugar to the blood without active transport, a process for

which no evidence exists in this system. The calculated intracellular concentra-

tions are subject to some error because of uncertainty in estimating both the water

content of the fat body and the amount of adhering haemolymph, properties which

must vary with species and stage of development. If the actual water content is

less than that assumed (/O'/o or 50% of cell weight according to stage and

species), the true intracellular concentrations would be higher than those calculated.

That the mean sugar concentration in fat body water may actually be lower than

that in the blood, however, is possible in view of indications of intracellular com-

partmentation which will be discussed below. One compartment might contain

sugar at a relatively low level, while the level in another was high enough to permit
transfer to the haemolymph by diffusion.

Intracellular sugar levels substantially above those in the haemolymph were ob-

served in adult Blabcnis and in diapausing pupae of the cecropia silkmoth. In

these stages, the ability of the tissue to supply trehalose to the haemolymph is

apparent, but a question arises as to how higher-than-ambient sugar levels are

maintained in the cells. Upon brief incubation in an isosmotic medium contain-

ing inorganic ions and amino acids in proportions approximating those in lepid-

opteran haemolymph, sugar was lost from cecropia pupal tissue to the same ex-

tent as it was from larval and pharate adult fat body. Tissue from pupae in dia-

pause, however, was distinctive in that its sugar content was largely retained when

protein was included in the medium. This presumably accounts for its ability to

maintain intracellular sugar above the haemolymph level in rk'o. In our experi-

ments, 2% bovine serum albumin or polyvinylpyrrolidone could substitute for

cecropia haemolymph protein. But in the absence of amino acids, in a simple

inorganic Ringer solution designed for lepidopteran tissue, fat body failed to re-

tain its sugar even when protein was present. Thus, some synergism is implied
between a macromolecule (protein or PVP) and amino acids in "sealing" the fat

body cell membranes. In fat body from non-diapause stages, protein had little

effect in preventing loss of intracellular sugar. On the other hand, when escape
of trehalose from fat body was measured at different temperatures, larval tissue

retained its intracellular sugar at 1 C while pupal tissue did not. This may re-

flect an adaptive change in membrane function at pupation, for pupae normally
encounter below-freezing temperatures in nature. Thus, these two properties of

fat body, namely retention of trehalose in protein-containing medium and tempera-
ture dependence of trehalose release, both change in the transition from larva to

pupa of the cecropia silkmoth.
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The implied developmental changes in cecropia fat body were confirmed and
more fully explored by measurements of the penetration of radioactive solutes. In

contrast to penetrability of glucose or glycerol, which did not change significantly

during ontogeny, trehalose penetrated freely during the larval and pharate adult

stages but scarcely during the pupal diapause. Measurements at daily intervals

during the prepupal period showed additional transient changes. Unlike H.

cecropia, diapause or non-diapause M. sc.vta failed to exhibit such changes during

ontogeny (data not shown). In contrast to the changes in sugar release, those in

the capacity of fat body to take in trehalose were manifest in protein-free medium.
This is difficult to understand, and appears to indicate some asymmetry in the

control of membrane transport. The developmental changes in cecropia fat body
function with respect to both efflux and uptake of trehalose presumably reflect

alterations in membrane structure.

The mechanism of sugar uptake by cecropia fat body cells has not been studied

in detail, but the available evidence does not support the existence either of active

transport or of a substrate-specific, carrier-mediated process like that known in

mammalian tissues, including adipose tissue (Wilbrandt and Rosenberg, 1961 ;

Crofford and Renold, 1965). Uncoupling of oxidative phosphorylation with dini-

trophenol had no effect on penetration. Uptake of 14
C-glucose or trehalose was not

affected by the presence of a high level of the non-radioactive compound. Sucrose,
like trehalose, readily entered larval, but not pupal, fat body. These observations

are consistent with simple diffusion, and suggest that transport into and out of

fat body may be restricted by sieving based on molecular size, the pupal tissue

admitting monosaccharides but not disaccharides.

The experiments on sugar release and those on uptake by fat body both gave
results indicative of some sort of compartmentation within this tissue. The initial

rapid release (within 2 minutes) of 40-60% of the intracellular trehalose was
followed by little further loss during 30 minutes of additional incubation, even

though a concentration gradient from cell contents to medium was always main-

tained. In other preliminary experiments (data not given), fat body transferred to

fresh medium after 1 hour of incubation in RWmedium, released little additional

sugar. In our experiments on uptake, initial rapid transfer was followed by rela-

tive stability. The extent of occupation of cell water during 10 minutes incuba-

tion averaged 65% for glycerol and 40% for glucose, but ranged from zero up
to 95% for trehalose depending on the stage of development. By comparison,
in rat heart muscle, it has been stated that only 75% of the intracellular water

was available for sugar distribution (Morgan, Henderson, Regen and Park, 1961).

While there is kinetic evidence for functional biochemical compartmentation within

various cell types (Threlfall and Heath, 1968; Sols and Marco, 1970), it is diffi-

cult to conceive of appropriate physical compartmentation in fat cells to account

for our observations. Possibly, the nucleus or other organelles might constitute

a compartment which does not readily exchange its trehalose with that in the

haemolymph. Alternatively, although the fat body appears histologically homo-

geneous, some of its cells might exchange sugars less readily than others. Further

study of this phenomenon is indicated.

The level of trehalose in the haemolymph of an insect at any time is a func-

tion of the rates of synthesis and utilization. Periods during which metabolic ac-
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tivity is high should be associated with increased use of trehalose, which might
be expected to lower the level in the haemolymph. In cecropia, metabolic rates

can be inferred from measurements of oxygen consumption (Schneiderman and

Williams, 1953). This is maximal in the mature larva, which is also characterized

by high haemolymph trehalose, however, and minimal during the pupal diapause,
when haemolymph trehalose is low. Hence, the haemolymph trehalose level must
be regulated primarily by the rate of production, not that of utilization. The
fat body is the chief site of trehalose synthesis, and the output from this tissue

may be influenced by (a) the supply of precursors, (b) the activities of enzymes
and (c) release from the cells to the haemolymph. Let us consider each of these

interdependent factors in turn.

Trehalose may be synthesized from free glucose after phosphorylation by hexo-

kinase, from glycogen via the action of phosphorylase, or from glucose phosphates

produced by gluconeogenesis. The transient rise in blood non-reducing sugar after

glucose was fed to silkworms (Kuwana, 1937) is an example of stimulation of tre-

halose synthesis from the first source. The rise in blood trehalose after injury to

cecropia pupae must be due, at least in part, to phosphorolytic breakdown of gly-

cogen (Stevenson and Wyatt, 1964). But the elevation of trehalose after either

of these stimuli is followed by return to "normal" levels, suggesting the resumption
of control by long-term homeostatic mechanisms. As a possible regulatory mecha-
nism at the level of precursor supply, Friedman (1968, 1971) has pointed to the

activation of Phormia glucose-6-phosphatase by trehalose. which might lower the

availability of glucose-6-phosphate for trehalose synthesis.

The rate-limiting enzyme in trehalose synthesis in cecropia fat body is

trehalose-6-phosphate synthetase, which is subject to inhibition by trehalose

(Murphy and Wyatt, 1965). Such feedback inhibition is, in our view, the prin-

cipal mechanism operating to stabilize the level of this dissacharide in the fat body
(cf. Friedman, 1967). Trehalose levels within the cecropia fat body vary much
less than those in the haemolymph, and are regularly about half as high in pupal
as in larval tissue. The mechanism bv which trehalose is maintained at a lowerj

level in the pupal than in the larval fat body is unknown, but, in this connection,

the possibility that altered intracellular Mg++
may modulate the activity of the

synthetase in vivo is currently being explored (Jungreis and Wyatt, 1972).
Our findings on the changing penetrability of fat bod}- to trehalose provide an

explanation for the markedly lower haemolymph sugar in the cecropia pupa than

in the larva. In the larva, where trehalose escapes freely from the cells, its level

must build up throughout the blood space before its intracellular synthesis can be

blocked by feedback. In the diapausing pupa, since trehalose is retained in the

fat body, intracellular feedback occurs while the level in the haemolymph remains

far below that in the tissue.

The observations on certain intermediate developmental stages strengthen the

case for an important role of fat cell penetrability in regulating hemolymph tre-

halose. Just before the larval-pupal ecdysis, a transient rise in penetrability to

trehalose is accompanied by a simultaneous rise in blood sugar. In early pharate
adults (obtained either by incubation of chilled pupae or by injection of ecdysone)
increased penetrability and elevated haemolymph sugar appeared simultaneously.
Certain batches of pupae which had been stored for more than 4 months (although
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still in diapause by the criterion of respiration) showed elevated blood sugar cor-

related with decreased capacity of fat body to retain intracellular trehalose. Fat

body from injured pupae showed both elevated internal sugar (presumably re-

sulting from activation of phosphorylase) and a decrease in ability to retain it (even

though the low penetrability to external trehalose was unaltered), the two effects

presumably contributing to bring about the rise in haemolymph sugar that is ob-

served after injury.

The properties of insect fat body with respect to transport of sugars and the

regulation of haemolymph sugar thus merit further attention, being profoundly
different from the analogous functions of the tissues of vertebrates.

This research was supported by grants from the Whitehall Foundation and

the National Institutes of Health, U. S. Public Health Service (HD-00032 and

HD-02176). A. M. Jungreis was supported by Training Grant HD-00032 from

the Institute of Child Health and Human Development. We are grateful to

Dr. M. L. Pan for stimulating discussion and for help with many of the experi-

ments.

SUMMARY

1. The levels of sugar (chiefly trehalose) have been determined in haemolymph
and in unrinsed fat body (corrected for adhering haemolymph) of developing

stages of the silkmoth Hyalophora cecropia, as well as a few individuals of other

insect species. In cecropia, the fat body trehalose level was relatively stable at

about 45 millimolal in mature larvae and about 20 millimolal in pupae, while that

in the haemolymph ranged from somewhat above the tissue level in larvae to less

than half the tissue level in diapause pupae.
2. During brief incubation in culture medium, fat body released 40-60% of

its trehalose content. In larval tissue only, this release was sensitive to tempera-

ture, being blocked at 1 C. In fat body from diapausing pupae only, it was

blocked by the presence of \% or more of haemolymph protein, bovine serum

albumin or polyvinylpyrrolidone in a medium containing amino acids.

3. Penetration of 14 C-solutes into fat body cells was measured. Trehalose and

sucrose penetrated readily into larval fat body but not into pupal fat body ; pene-

trability was restored in the early pharate adult. Glucose and glycerol distributed

in 40-65% of cell water at all stages of development. Uptake was unaffected by

dinitrophenol or by dilution with unlabelled solute. The data suggest that the

mechanism of transport is simple diffusion restricted by molecular size.

4. The partial release of internal sugar during incubation of fat body and the

partial occupation of intracellular water by exogenous solutes indicate the existence

of some form of compartmentation in the fat body.
5. The developmental changes in retentiveness and penetrability to trehalose

in cecropia fat body may explain changes in the steady state level of haemolymph
sugar. In the larva, feedback inhibition of intracellular trehalose synthesis does

not take place until trehalose has built up throughout the haemolymph, whereas

in the diapausing pupa, the fat body retains trehalose, and feedback can occur within

the cells while haemolymph trehalose remains low.
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